The pantograph-catenary system represents one of the major barriers to rolling stock interoperability. Traditionally, each country has developed its own overhead equipment, which is reflected in different catenary and pantograph designs. Hence, a unified approval method, able to consider the diversity of existing solutions, is a key subject that must be addressed to provide a competitive railway system. Furthermore, the limitation on the top velocity of high-speed trains is associated with the ability to provide, through the pantograph-catenary interface, the proper amount of energy required to run the trainset engines. If loss of contact exists, not only the energy supply is interrupted but also arching between the collector bow of the pantograph and the contact wire of the catenary occurs, leading to the deterioration of the functional conditions of the two systems. All these situations require that the dynamics of the pantograph-catenary are properly modelled. In this paper a multibody dynamics approach and a finite element method are implemented in a validated computational tool to handle the pantograph and the catenary dynamics, respectively. The performance of two different pantographs, when running on the same catenary, is studied. Multiple pantograph operation scenarios, with different distances between them, are also analysed here. The purpose is to understand the consequences on the contact force characteristics and on the catenary uplift.
Introduction
The development of computer resources led simulations to be an essential part of the design process of railway systems. Moreover, the increasing demands for network capacity, either by increasing the traffic speed or the axleloads, put pressure on the
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A Study on Multiple Pantograph Operations for High-Speed Catenary Contact existing infrastructures and the effects of these changes have to be carefully considered. The European Strategic Rail Research Agenda [1] has identified key scientific and technological priorities for rail transport over the next 20 years. One of the points emphasized is the need to reduce the cost of approval for new vehicles and infrastructure products with the introduction of virtual homologation.
Introducing virtual testing would reduce the costs of certification since models would be available and the need for additional and expensive tests would be minimized. In a first step, the physical test would be replaced by a corresponding virtual test. When a proven virtual methodology has been established, it is possible to have better controlled environmental testing conditions and introduce new scenarios. In order to use virtual testing for certification, the methodology needs to be defined and validated. With the continuous development of computer capacity and numerical tools, virtual testing represents an opportunity for homologation.
When certifying a rail vehicle according to regulations, two elements constitute a significant challenge: vehicle cost and time to market. A large part of vehicle certification requires in line testing for safety, performance and infrastructure compatibility in each individual network. Thus, the certification process can take up to 30 months and cost several millions of euros, imposing a huge competitive disadvantage on the development of rail products, and thus jeopardizing the development of reliable and sustainable transport networks.
Within this panorama, the pantograph-catenary system represents one of the major obstacles for rolling stock interoperability. In general, each country has developed its overhead equipment, with variations in components and mechanical properties, so that national networks are now largely incompatible. A major source of incompatibility is the different equipment that is operated for AC power and for DC power, which is then reflected as different catenary designs.
Furthermore, pantographs have been optimised for use on a single national network so that a major challenge for interoperability is now to design and homologate pantographs which are capable of operating satisfactorily on a range of different overhead equipments [2] . To this end, a unified performance based on approval method that establish very clear and objective relationships with the pantograph design process is a key subject that can and must be addressed in order to provide a competitive railway system within Europe.
A large number of works dedicated to the study of the pantograph-catenary interaction are being presented to different communities emphasizing not only the mechanical aspects of construction, operation and maintenance but also the challenges for simulation due to the multi-physics characteristic of the problem. Gardou [3] presents a rather simple model for the catenary, using 2D finite elements, where all nonlinear effects are neglected. Jensen [4] presents a detailed study on the wave propagation problem on the catenary and a 2D model for the pantographcatenary dynamics. In a similar line of work Dahlberg [5] describes the contact wire as an axially loaded beam and uses modal analysis to represent its deflection when subjected to transversal and axial loads, showing in the process its relation to the critical velocity of the pantograph. In both references [3] and [4] not only the representation of the contact forces is not discussed but also no reference is made on how the integration algorithms are able to handle the contact loss and impact between contact strip and contact wire. Labergri [6] presents a very thorough description of the pantograph-catenary system that includes a 2D model for the catenary based on the finite element method, and a pantograph model based on a multibody approach, being the contact treated by unilateral constraints. In all works mentioned it is claimed that the catenary structural deformations are basically linear and, consequently, the catenaries are modelled using linear finite elements, except for the droppers' slacking which is handled as a nonlinear effect but not by nonlinear finite elements. Seo, et al. [7] state the need to treat the catenaries as being nonlinear due to their large deformations. They treat the catenary contact wire with finite elements based on the absolute nodal coordinate formulation while the pantograph is a full 3D multibody model. The contact is represented by a kinematic constraint between contact wire and contact strip and no loss of contact is represented. None of the models used has been validated and no comparative studies are provided to support the claims regarding the need to handle nonlinear catenary deformations or the suitability of using linear deformations only.
Most of the works focusing the pantograph-catenary interaction elect the finite element method to develop and analyze linear models catenaries and use lumped mass pantograph models due to the need to maintain the linearity of the analysis. However, it is recognized by a large number of researchers that the nonlinearities of the pantograph system play a very important role in the energy collection and, therefore, either nonlinear finite element or multibody models can deliver superior analysis capabilities [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Due to the multiphysics problem involved in modelling the catenary-pantograph system and the need for its simulation Arnold and Simeon [10] suggest the co-simulation between the finite difference discretization of the catenary and the multibody representation of the pantograph. Mei, Zhang et al. [12, 17] suggest a coupling procedure between a finite element discretization of the catenary and a physical prototype of a pantograph. This work shows the possibility of coupling numerical and experimental techniques. Rauter, Ambrósio et al. [8, 9, 13, 14] show how the coupling between finite element software, to solve the dynamics of the catenary, and multibody software, to obtain the dynamic response of the pantograph, can be efficiently achieved. In these references it is observed that the finite element code ANSYS [18] is the most popular choice of software for the catenary while no major preferences for a particular multibody code are stated.
There are, currently, no accepted general numerical tools designed to simulate the pantograph-catenary system in nominal, operational, and deteriorated conditions. Here it is understood that operating conditions must take into account the wear effects and the deteriorated conditions that include extreme climatic conditions, material defects or mechanical problems. Several important efforts have been reported to understand the mechanisms of wear in catenaries [19, 20] , to describe the aerodynamic effects [21, 22] and extreme temperatures [23] on the quality of the pantograph-catenary contact, to analyse the running dynamics of the railway vehicle [24, 25] , to study the deformability of the pantograph mechanical system [26, 27] and to assess how the structural components of the pantograph, and the respective linking elements, affect the quality of the pantograph-catenary contact [28] . The dynamic analysis procedures and the models developed for catenaries and pantographs are also used for designing pantograph control systems [29] [30] [31] or even wire-actuator control and contact force observers [32] .
In this work, a validated computational tool is used to study the pantographcatenary interaction. The software is composed by two modules, the Finite Element (FE) one is used to describe the catenary and the Multibody (MB) module is applied to represent the pantograph. These two codes run independently and use different time integration algorithms. For this reason, a co-simulation procedure that allows the communication between the modules using shared computer memory and suitable contact force models, is implemented [33] . In order to enable industrial application, an extra concern of this tool was the development of very efficient algorithms in what computational time is concerned. This methodology is applied to study the performance of the high speed French CX and Italian ATR95 pantographs when running on the French 25 kV LN2 catenary. Studies involving multiple pantograph operations are also performed here in the framework of the application of the regulation EN50367 [34] . This application addresses one of the limiting factors in high-speed railway operation that is the need to use more than a single pantograph for current collection and the disturbance that the pantographs cause on each other dynamics that worsens the quality of the pantograph-catenary contact. All studies are carried out for high speed trains running at 300 km/h. Problems such as track flexibility, wear and the influence of the track irregularities on the pantographcatenary interaction are not addressed in this text. The interested readers are referred to the works [35] [36] [37] [38] [39] [40] [41] .
Computational Model of the Pantographs
Multibody [22, 26] and lumped mass [42, 43] models, both requiring a multibody dynamics methodology [44] to be simulated, are generally used to represent the pantograph. While the multibody model can be built solely based on manufacturer information, such as the design drawings and the mechanical element characteristics, the lumped mass model is identified by performing laboratory tests. The mass, stiffness and damping properties of the lumped mass model are obtained in such a way that its frequency response matches the experimentally acquired response of the real pantograph [42] . In what follows, the lumped mass models of the French CX and Italian ATR95 pantographs are considered.
The French CX Pantograph
The first pantograph considered in this work, used in the French high speed trains, is the Faiveley CX pantograph shown in Figure 1 . By performing laboratory tests, it is possible to represent the dynamic behaviour of the CX pantograph by the lumped mass model, represented in Figure 2 . The mass, stiffness and damping properties of the lumped mass model are obtained experimentally, as previously described.
The data required to define the CX lumped mass pantograph, shown in Figure 2 , is presented in Table 1 . The vertical static contact force F Static represents the vertical force exerted upwards by the pantograph on the overhead contact line, and caused by the pantograph lifting device, whilst the pantograph is raised. According to the European standards [34, 45] , good dynamic interaction performance with minimum wear and good current collection quality is achieved by controlling the mean contact force F m , which, for the velocity of 300 km/h considered in this work, should be 157.3 N. Therefore, the static contact force F Static is defined so that the mean contact force aligns with the regulation requirements for this speed. 
Italian ATR95 Pantograph
The second pantograph considered here is the Contact ATR95 pantograph, shown in Figure 3 . By performing laboratory tests, it is possible to represent the dynamic behaviour of the Italian ATR95 pantograph by the lumped mass model, depicted in Figure 2 . As for the CX pantograph, the mechanical properties of the ATR95 lumped mass model are identified by performing laboratory tests in such a way that its frequency response matches the one of the real pantograph. The data required to define the ATR95 lumped mass pantograph, shown in Figure  2 , is presented in 
Computational Model of the Catenary
High-speed railway catenaries are periodic structures that ensure the availability of electrical energy for the train vehicles. Typical constructions, such as those presented in Figure 4 , include the masts, serving as support for the registration arms and messenger wire, the steady arms, which not only support the contact wire but also ensure the correct stagger, the messenger wire, the droppers, the contact wire and, eventually, the stitch wire. Both messenger and contact wires are tensioned with high axial forces to limit the sag, to guarantee the appropriate smoothness of the pantograph contact by controlling the wave traveling speed and to ensure the stagger of the contact and messenger wires.
The motion of the catenary is characterized by small rotations and small deformations, in which the only nonlinear effect is the slacking of the droppers. The axial tension on the contact, stitch and messenger wires is constant and cannot be neglected in the analysis. All catenary elements, contact and messenger wires are modelled by using Euler-Bernoulli beam elements [43] . Due to the need to represent the high axial tension forces, the beam finite element used for the messenger, stitch and contact wires, designated as element i, is written as:
in which K e L is the linear Euler-Bernoulli beam element, F is the axial tension and K e G is the element geometric matrix. The droppers and the registration and steady arms are also modelled with the same beam element but disregarding the geometric stiffening. The mass of the gramps that attach the droppers to the wires are modelled as lumped masses. To ensure the correct representation of the wave propagation 4 to 6 elements are used in between droppers of the finite element models. Using the finite element method, the equilibrium equations for the catenary structural system are assembled as:
where M, C and K are the finite element global mass, damping and stiffness matrices. Proportional damping is used to evaluate the global damping matrix, i.e., C = α K+β M, with α and β being suitable proportionality factors [46] , or by assembling the individual damping matrices of each finite element, i.e., C 
being f (c) the pantograph contact forces, f (a) the aerodynamic forces, and f (d) the dropper slacking compensating terms. For typical catenary finite element models the Newmark family of integration algorithm provide suitable methods for the integration of the equations of motion [47] . The contact forces are evaluated for t+Δt based on the position and velocity predictions. The finite element mesh accelerations are calculated by:
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Predictions for new positions and velocities of the nodal coordinates of the linear finite element model of the catenary are found as:
Then, with the acceleration a t+Δt the positions and velocities of the finite elements at time t+Δt are corrected by:
.
The droppers slacking are also corrected in each time step, if necessary. Although the droppers perform as bars during extension, their stiffness during compression is either null or about 1/100 th of the extension stiffness, to represent a residual resistance in buckling at high speed. As the droppers stiffness is included in the stiffness matrix K as a bar element, anytime one of them is compressed such contribution for the catenary stiffness has to be removed, or modified. In order to keep the dynamic analysis linear the strategy is to compensate the contribution to the stiffness matrix by adding a force to vector f equal to the bar compression force as:
where the Boolean matrix B simply maps the dropper element coordinates into the global nodal coordinates.
The correction procedure expressed by using equations (5) through (9), followed by the solution of equation (4) . ε d and ε v are user defined tolerances. Note that the criteria of convergence of the nodal displacements must imply convergence of the force vector also, i.e., the balance of the equilibrium equation right-hand side contribution of the dropper slacking compensation force with the left-hand-side product of the dropper stiffness by the nodal displacements in equation (2) . In practice 6 or more iterations must be allowed in the correction process outlined.
Pantograph-Catenary Interaction
The quality of the pantograph-catenary contact required for high-speed train operations is quantified in current regulations [34, 45] . The norm EN50367 specifies the thresholds for pantograph acceptance defined in Table 3 : Criteria for pantograph acceptance
The first three parameters in Table 3 are obtained from the contact force filtered at 20 Hz. A limitation of the operational speed of the trains is the wave propagation velocity on the contact wire, C, which is given by [5] :
where F is the tension of the contact wire, ρ is the contact wire mass per length unit, EI is the beam bending stiffness and L is beam length. For high-speed catenaries, the second term of equation (10) dominates the critical speed, being the first term negligible. For instance, for a generic catenary, the term ( )
, for which the critical speed is 441 km/h [8, 9] . When the train speeds approach the wave propagation velocity of the contact wire, the contact between the pantograph and the catenary is harder to maintain due to increase in the amplitude of the catenary oscillations and bending effects. In order to avoid the deterioration of the contact quality, current regulation imposes a limit to the train speed of v < 0.7C.
In the following the performance of the French CX and Italian ATR95 pantographs is analysed when running in a tangent track at 300 km/h on the French LN2 catenary. Afterwards, multiple pantograph operation scenarios, with different distances between them, are studied. The simulations are carried out for one section of the catenary, corresponding to a track length of 1.2 km. In the initial part of the analysis, the pantographs are raised until their bows touch the contact wire. In order to disregard this transient part of the dynamic response, only the contact forces that develop in the pantograph between 400 and 800 m, and the droppers and steady arms that exist in this range are used in the analysis of results. The contact forces are filtered with a cut-off frequency of 20 Hz before being post-processed, as specified by the appropriate regulations [34, 45] . The purpose of these studies is to understand the consequences, on the contact force characteristics and on the catenary uplift, of having interoperable railway operations between European countries.
Single Pantograph Operations
Here, the complete overhead electric power system is modelled for the 25 kV LN2 catenary and for the CX and ATR95 lumped mass pantographs, with the characteristics described in the previous sections.
The comparative contact force results between seven consecutive masts of the catenary, obtained with both pantographs and filtered at 20 Hz, are presented in Figure 5 . It is observed that the contact force values increase when the pantograph passes under the steady-arms. Furthermore, the contact force history presents a lower frequency component, corresponding to the passage on the masts and a high frequency component related to the droppers' passage. When comparing the results obtained with both pantographs, it is noticeable that the ATR95 pantograph produces slightly higher amplitude of the contact forces. The pantograph-catenary interaction forces, as shown in Figure 5 , must be treated statistically in order to emphasize important quantities used in the design of the overhead contact system and for pantograph homologation. In general, the statistical The contact force statistical parameters, for the CX and ATR95 lumped mass pantographs, are presented in Figure 6 . The results show that, in both pantographs, the vertical static forces F Static , represented in Figure 2 , originate mean contact forces of 157 N, as required by the regulations when running at 300 km/h. One important observation of statistical quantities depicted in Figure 6 is that the standard deviation of the contact force for CX and ATR95 pantographs are 44 N and 53 N, respectively. This means that the ATR95 pantograph fails to fulfil the second criterion for pantograph acceptance defined in Table 3 , i.e., σ < 0.3 F m . These values imply that the trainsets using ATR95 pantographs would not be allowed to run at a speed of 300 km/h on the LN2 catenary. Figure 6 it is also noticeable that the ATR95 pantograph produces higher maximum values and lower minimum values, which implies higher contact force amplitudes. Furthermore, the values obtained for the statistical minimum of the contact forces with CX and ATR95 pantographs are 21 N and -5 N, respectively. This denotes that contact losses and electric arcing are more likely to occur for the ATR95-LN2 pair.
Another characteristic of the contact force that is worth being analysed is its histogram. It represents the distribution of the contact force values among different ranges of forces. The histogram for the CX-LN2 and ATR95-LN2 pairs is presented in Figure 7 . It is observed that the ATR95 pantograph has a higher number of occurrences of contact forces away from the mean contact value, i.e., the existence of higher and lower contact forces is not sporadic. For the CX pantograph the contact force values are closer to the mean contact force. In both cases, the mean contact force is 157 N, which satisfies the regulations. 
Multiple Pantograph Operations
The objective now is to study the overhead power system performance when the trainset is equipped with two pantographs. The purpose is to assess how the passage of the front pantograph affects the performance of the rear one and to analyse if the presence of the rear pantograph influences the contact quality on the leading one. Distances between pantographs of 31 m, 100 m and 200 m are considered, corresponding to different trainset assemblages that occur in service. The comparison of the contact force statistic values, obtained on front and rear CX paragraphs, is presented in Figure 8 for all distances considered here. The results obtained with a single pantograph are also presented as reference. In Figure 8a ) no noticeable differences are observed among the front pantographs for the multiple pantograph operations considered here. Furthermore, no relevant differences are detected on the front pantograph when comparing multiple and single pantograph operations. Therefore, these results show that the presence of the rear CX pantograph has a negligible influence on the contact quality on the leading one. When analysing the results from Figure 8b ) for the rear pantographs, relevant differences are observed. This implies that the passage of the front CX pantograph affects the performance of the rear one. When comparing with a single pantograph operation, this influence can be positive or negative, depending on the distance between pantographs. The better performance of the rear pantograph is for a distance of 31 m, where a smaller standard deviation and a larger statistical minimum are registered. On the other hand, the worst contact force characteristics are for a distance of 200 m where the rear pantograph exhibits a larger standard deviation and a smaller statistical minimum, implying a higher probability of contact loss.
Another important observation of statistical quantities depicted in Figure 8 is that the standard deviation of the contact force for all pantograph distances and for both front and rear pantographs, are always smaller than 30% of the mean contact force. These results imply that the trains using these pantographs for such distances would be allowed to run at a speed of 300 km/h in the catenary system. Figure 9 shows the comparison of the contact force statistical parameters, obtained on front and rear ATR95 paragraphs, for all distances considered here. From Figure 9a ) it is evident that there are no relevant differences among the front pantographs for the distances considered here. Moreover, no relevant differences are detected on the front pantograph when comparing multiple and single pantograph operations. Therefore, these results show that the presence of the rear ATR95 pantograph has a negligible influence on the contact quality on the leading one. The results from Figure 9b ) reveal significant differences of the contact force statistic values for the rear pantographs. This means that the passage of the front ATR95 pantograph affects the contact quality of the rear one in a positive or negative way, depending on the distance between pantographs. The better behaviour of the rear pantograph is for a distance of 31 m, where a smaller standard deviation and a larger statistical minimum are registered. The worst performance is obtained for a distance of 200 m, where the rear pantograph exhibits a larger standard deviation and a smaller statistical minimum.
The statistical quantities depicted in Figure 9 also show that the standard deviation of the contact force is larger than 30% of the mean contact force for all front pantographs and for the rear pantograph at a distance of 200 m. Such results mean that the ATR95 pantograph, acting single or double, fails to fulfil the second criterion for pantograph acceptance defined in Table 3 , i.e., σ < 0.3 F m . Consequently, the trainsets using ATR95 pantographs would not be allowed to run at a speed of 300 km/h in the catenary system. In all cases analysed here, none of the pantographs exhibits any contact loss. One of the reasons why the contact force characteristics has to stay inside a limited range concerns the potential interference between the pantograph head and the catenary mechanical components. The steady arm uplift is a measure of the catenary performance and of its compatibility with the running pantographs, representing an important criterion for pantograph acceptance, as defined in Table 3 .
The maximum uplift obtained at the steady arms of the catenary for all multiple pantograph operations considered here are shown in Figure 10 and compared with the single pantograph operations. The results show that, for the pantograph distances of 31 and 100 m, the passage of the front pantograph originates higher vertical displacements of the catenary. For the distance between pantographs of 200 m the opposite happens. These results are observed for both CX and ATR95 pantographs. It is also noticeable that, in all single and double pantograph studies considered here, the ATR95 pantograph exhibits smaller steady arm uplifts than the CX pantograph. Another important observation of the results from Figure 10 is that, for all pantograph-catenary interaction scenarios analysed in this work, the maximum steady arm uplift of the catenary is always lower than the 12 cm limit allowed for the type of catenary used. 
Conclusions
From the mechanical point of view, the most important feature of the pantographcatenary system consists in the quality of the contact between the contact wire(s) of the catenary and the contact strips of the pantograph. Therefore, the study of this system requires not only the correct modelling of the catenary and of the pantograph, but also a suitable contact model to describe the interaction between them. The work presented in this paper uses a computational tool based on a cosimulation procedure between a multibody methodology, used to describe the pantograph, and a finite element code, used to model the catenary. A minimal requirement for the software is the ability to collect all data required for the pantograph homologation. Single and multiple pantograph operation studies were carried out here for the CX-LN2 and ATR95-LN2 couples. The results show that the passage of the front pantograph affects the performance of the rear one. In fact, as the leading pantograph passes, it originates an excitation of the overhead contact line. Then, when the rear pantograph passes on that location, it will face a perturbed catenary. It was observed that, depending on the distance between pantographs, this influence can be positive or negative when compared with a single pantograph operation. On the other hand, it is observed that the presence of the rear pantograph has a negligible influence on the contact quality on the leading one.
In the case of the ATR95-LN2 pair, the dynamic analyses results also show that, in general, both front and rear pantographs exhibit a standard deviation of contact forces that exceeds the maximum value of 47.2 N (0.3 F m ) allowed by the regulations. The only exception is observed for the rear pantograph when a pantograph distance of 31 and 100 m is considered. When analysing the maximum steady arm uplift obtained in all single and multiple pantograph scenarios, it is evident that the values registered are quite below the limit value of 12 cm set for this catenary. These results show that no problems are anticipated for the uplift criterion. However, as the dynamic analyses results predict an inadequate performance for the standard deviation of the contact forces for the ATR95-LN2 couple, in line tests are recommended for this pair in order to assess the standard deviation criterion.
The work described in this paper, demonstrates that the numerical simulation tools provide the means that allow the enhancement of the regulation criteria and consider other operational aspects besides the single pantograph operation. The results shown here indicate that the questions of compatibility between pantograph and catenary in some operational conditions can be addressed by numerical tools, reducing the costs and time required for vehicle homologation.
